
-- ___-I
AD—A07 1 39U SYStEMS TECHNOLOGY INC HAWTHORNE CALIF FIG 1~e/2

MANNED ENGINEERING FLIGHT SIMULATION VALIDAT ION. PART I. SIMIJLA—ETCIU)
FEB 79 L S HOFMAP*d, S A RIEDEI. F33615—77—C—2O65

UNCLASSIFIED STI—TR—1I1O—1 A FFDL—TR—7A—192—P T—t NL

_ I’



.—_w-_ -  
-

_ _ _ _ _ _ _ _ _ _ _ _ _ _

LEVEV~~~~~~~

1

A1’JDL-TB-78-1 92
~~~
cI

~

4

MmmD ~~~~~~~~~~ 1LT~~~ 8~ IJLATICI VAL~~ TIC1 _____
~~~~ I: 8D1JLATI~~ BI~ J~~~~~~8 AND 8DtYLAT~~ ZTIG~ Biith( ~~~7C~ (AZO!

S

SYST~~~ TECHNOIL)GY, INC.
13766 So. Hawthorne Boulevard

• Hawthorne, California 9O2~O

February 1979

TECBNICAL REPO~I’ APPDL-TR-78-192, PART I
r,- Report for Period August 1977 to November 1978

1 L &-. Approved for public release ; distribution unlimited
h

D D C
AIR FORCE FLEGIff DYNAI4ICS lABORATORY UAIR FORCE WRIGJif AXWIJI’ICAL ~ J~I~j .T()pI~5 JUL 19 1979
AIR FORCE SYST~~~ CC?~~ ND 

_ _ _ _ _ _ _

WRIG !r-PAI’rERSll AIR FORCE BASE, OHiO k~~33 t.~ L!DLJ Li t!~D

ft 07 17 04 4
__-  - 

L _ _ _ _ _



—~ -~~~~ -~~~~ 1 . w  ~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~

-

When Oover~~ent drawings, specifications , or other data are used for
any purpose other than in connection with a definitel y related Goverr~~nt
procurement operation, the United State s Goverzmtent thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the Govern-

• ment may have fOrmulated , furnished , or in any way supplied the said draw-
ings, specifications , or other data is not to be regarded by im plication V

V or otherwise as in any manner licensing the holder or any other person or
corporation , or conveying any rights or permission to manufacture , use, or
sell any patented invention that may in any way be related thereto. 

g
~ii~

V This report has been reviewed by the Information Office (01) and is
V releasable to the Rational Technical Informat ion Service (RT ]B). At !TIS ,

it will be available to the general public , including foreign nat ions . V

This technical report has been reviewed and is approved fOr publication.

ftfez,~4~ ~~~~~~~
. 4~~

, C _ _ _

MaRSHA B. TIFFAN!, 21T’, L~~~ PAUL H . BMTT, Chief
Progr an Manager Cont rol Synthesis Uranch

Flight Control Division V r V

FOR T~~~CO?41AIID~~

H

t “If your address has changed, if you wish to be removed from our mail-
ing list , or if the addressee is not longer ei~ iloyed by your organization V

please notify V , W .PAPB, OH Ie~~)3 to help us
mainta in a current mailing list. ”

Copies of this report should not be returned imless return is required
by security considerations , contractual obligations , or notice on a speci-
fic doc~~ent .
AIR PORCE/Il lSOflI Juay 1070 — *00

~~
t

. ~~~~~~~~~~~~~~~~~~~ - -~~ -~~~~~~~~

IJ___ _~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ — — ~~~~~~~~~~~~~ 
V V V~ 

V ~~~~~~ ~~



-~~~r” ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.- . ... 

- 

--. ..  -,.-

4 
-

~~~~~~~~ yy C~ 4$5$F,rA7ION OF THIS &‘31 (WIIW flM .MhI. ,.d)

~~~~~~~ I~~~~ k1TAYII1IJ DA~~~ REA D INSTRUCTIONS• (JyJ i~~~u~~ i~~i i,wJ m~~I~ I ~~ i BEFORE COMPLETING FORM
I. R1Po*f.~~~tI.u 

— 2. GOVT ACCrS$ION NO 1 r.~~~j c*t*t.oo NUMUN(7~ 
A F V ~~~R-78-192,.F,~~ I3.il7 _L --

4. TITl E ( , d  SvbUtt.) SP1D CR100 COVERED(
~* ~~~~~~

ED
~~~~ 

_ ___ 

Aug~~~~~~~7~- Nov~~~~.

I ~~rno~~~ Mj R~~4ANcE. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~f ~~~~~~~,

-. ,,UR(.) ~~~ UL~1-A~~ . IRAN? NUM ~~t~~’.)

~~~~~ Sus~~k.,iuedej ~~~ ~3361~ -77-C-~~~~~~~
L PERPORMING ORGANIZATION NAM E AND ADDRESS $0. PPOOP*Ii~ LEMENT~ PROJECT . TASK( APC~ A WORK UNIT NUM•CRS

Systems Technology, Inc.
13766 So. Hawthorne Boulevard
Hawthorne ._ California__9O2’~jO ___________________________

II. CONTROLLING OFFICE NAME AND ADDRESS
Air Force Flight Dynamics Laboratory / Feb~~~~ 79
Air Force Systems Command -- -

Wright-Patterson Air Force Base, Ohio 45I~33 198
14. MONITORING AGENCY NAME S ADDRESS(II dtli. rwt ft.., C.nhoflffid Oflic.) IS. SECURITY CI..AU. (of Ag o

• 
_________________________________________ 

Is. OEC LA ;SIF I CA TJO N/OOWNGR ADINO

15. DISTRISUTION STATEMENT (.1 lh~. R.pacl)

V Approved for public release~ distribution unlimited.

$7. DISTRISUTION STATEMENT (eisA. .5.1,... .nI. ,.d Sn Stoc k 20, U Øtf.r.nt from R.p.c()

,. ~ _,.

IS. SUPPLEMENTARY NOTES

I

l,. KEY WORDS (ConIlnu. on ,.v~,•• •1d IS n.c... v ond I d s nf f t y  by block ns~~b.t)

• Simulation, motion bases , motion fidelity, motion base drive logic, drive
logic optimization , LAMARS simulator , nonlinear washout filters

20. AUSI RACT (C.nlIsu. in ~ov.ra. .Id. If n.c.. . y a,d Sdinufy by block nomb.,)

—‘ The goal of this research is to establish an orde rly, relatively simple
method for optimizing the presentation of motion cues in moving base simula-
tions. Thi s is accomplished via choice of the drive logic parameter8 for a
given simulator and flying task . The method developed here is based upon use
of motion fidelity criteria . It has been applied to optimize the !AI4ARS

! ~ motion base drive logic parameters for an air -to-ground scenario . The method s ~( continued)

4 DO ~~~~ii 1413 CDI fl OW OF 1 NOV 55 IS OSSOI..ETI 
Unclassified

SECURITY CLAUIPICATIQN OF T141$ PAIl (tRim Dos. Ent.,.~

-_

. -
~~~~~~~~~~~~~ ::~~~~~~T ___________



-. - - - — 
~~~~~~ V V V ~~~ V V V  - — - ~~~r ~S V  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~

Unclassified
SECURITY CLAUIFICATION OF THIS PAGE(tRi mi 5.5. ~~~~~~ - V
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~~~~~~~~~~~~~ ~and procedures of this report can be applied for any given motion base and any V

desired scenario.
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VX ne  0 .. for abstracting mission scenarios from strip chart data or verbal
/ descripl4gn~ j .~ developed. This m~thod, imuplelnented in FORTRA1~, uses ‘approxi.
/ mate time histories for f, .~ i~ , ,nd ~~ 

and linearized kinematic equations to corn-
/ pute body axis angular veloci~y and specific force time histories which approxi
/ mate actual flight values for a particular scenario. The latter quantities

/ provide realistic inputs for evaluating and optimizing motion base drive logic.

Criteria for discerning fidelity of motion reproduction are developed.
These criteria are composed of various mean-square error measures which reflect
differences between simulated and actual in-flight motion. The criteria can
be used to answer three questions which arise for every motion base simulation
program:

4 ~s moving base simulation appropriate for the flying tasks to be investi-
1 gated?—’

4 1~ow can motion base drive logic parameters be optimized for the flying
tasks to be investigatedf°- ~~~4 ~4iii this set of motion drive logic parameters result in motion within

e” simulator capabilities for the flying tasks to be investigated?
V The impact of the three sets of variables which quantify the given elements of

the above questions can be investigated individually or simultaneously via
these motion fidelity measures and criteria: flying task variables, motion
base hardware displacement, velocity and acceleration constraints, and para-
meters of the motion base drive logic.

V 
A new nonlinear washout technique is developed which exploits the indif-

ference threshold generally acknowledged to be present in the specific force
• sensory paths. In effect, the nonlinear washout scheme operates to increase

the washout rate when the input specific force is subthreshold and the cab is
- 

- 7. in an off-center position . This is in order to drive the cab to its center
position at faster rate than it would be for a comparable linear scheme.

The computer program supporting drive logic optimization is documented in
Part II of this report .
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S!CTI~~~I

~~TR~~UCTI~~

The principal, object of this research is to determine the optiniim
drive logic configuration for a specific moving base simulator, the Large
Amplitude Multi-mode Aerospace Research Simulator ( LAMABS), located at
WPAFB. The problem of “optimizing” simulator motion reproduction is a
general one which need not be application specific . Therefore, any method
for determining the optimum LAMABS drive logic configuration is really a

general procedure, applicable for any motion base. This provides the
V motivation to develop a “general” tool which can then be used for LAMBS

optimization.

It is important to appreciate the basic concepts of motion simulation
from the start. The pilot in any vehicle is able to sense motion as the

result of the angular velocity and specific force environment motion pro-
vides (visual, aural, thermal, etc., cues aside). The motion simulator

is controlled by a coji~uterized drive logic which commands the simulator
actuators and, In turn, simulator inc tion. Put simply, the drive logic
need only compute the appropriate commands, based on the particular vehicle ’s

equations of motion, to cause the simulator to reproduce the actual motions.

In this way, the pilot will be stimulated by the same angular velocities
and specific forces as in actual. flight, and motion fidelity of simulation
is perfect.

Obviously, the problem is not that simple. This is primarily because
the simulator motion base is usually severely constrained to move within
some relatively small volume . The challenge of drive logic design is to
present high fidelity motion cues within the simulator constraints. Know-

ledge of the human sensory processes and apparatus is of some help here
since it is only necessary to reproduce motions which can be sensed. ~it

the sensory apparatus bandpass is relatively large, so the attenuation

obtained on the basis of this consideration alone is insufficient. At this

point the central question then concerns the relationship between recovered

motion and perceived fidelity (Ref. 1).

1
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The principal. cosponents of the drive logic are the washout filters,
the limiting scheme and the coordinate transformations. The washout
filters are the main object of the optimization process presented here.
A washout filter is simply a device for systematically attenuati ng actual
motion. Washout filter properties can be linear, nonlinear, or time-
varying. Linear and nonlinear filters are considered in this report.
Linear washout filters are characterized by their gain and effective

washout break frequency. These are the two parameters which are used for
the optimization or “tuning ” process.

The first step in evaluating the LANARS drive logic is to develop a
set of typical aircraft maneuver scenarios . These scenarios are the basis
for generating representative inputs used when evaluating the washout fil-
ters * An approximate method was deve loped to construct abstracts of the
maneuvers from strip chart data . The method uses kinematic equations to
compute all require d variables . Eight different scenarios were generated.
The procedure is describe d in Section II .

The next step is to design a computer simulation to evaluate the lAMBS
drive logic. In addition, this simulation includes models for the human
sensory processes and any sensory thresholds which are operative. The

inputs to this drive logic/sensory model simulation are the angular velo-
city and specific force time histories as developed in the scenario genera-
tion phase. The outputs include both actual (in flight) and simulated (in

V - simulator) quantities at several points in the model. This modeling process

is described in Section III.

Once the various motion quantities are available from the drive logic/
sensory model, it is desirable to have a method for comparing the actual
and sensed motion in order to evaluate the simulation fidelity. To this

end, a set of measures and a resulting criterion were developed to examine

and optimize the drive logic. Using these measures, the scenarios were

evaluated to choose one which could represent most of the others in the

later optimization. £~hen, using this representative scenario, the gains

and break frequencies of the washouts were varied in order to illuminate
the sensitivity of the measures to these parameters. This parameter

variation exposed the critical axes in terms of optimization, and also
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provided a functiona l relationship between gain and break frequency for
- the washouts corresp onding to given simulator motion constraints . This

development and use of the measures and criterion are described in Sec-
tion IV.

At this point , a piloted simulation is necessary to solidity the rela-

V 
tionahip between the break frequency of a washout and the resulting cri-
ter ion value for each critical axis. Piloted , simulation is used to expose

• this relationship in terms of a pilot preference para meter which is an
integra l element of the criterion. Also, the simulator experiment deter-
mines the effect of the g-suit , a sensory aid. often used in simulating
high-g environments. The experimental plan and the reeults of the experi-
ment are pre sented in Section V.

The result s of the simulator experiment are then applied to opt imize
the critical axes, pro viding a plausib le set of optimum gains and break
frequencies for the LAMBS linear drive logic washout s . These optimum
parameters are for a given drive logic configuration . In order to fur-
ther examine the opt imization scheme, two nonlinear washout filters were
include d in the drive logic simulation. Again , a set of optimum para-

V meters is obtaine d for each configuration . This optimization process is
V reported on in Section VI .

The final re sults and conclusions on the linear washout scheme optimi-
•“ ‘ zation , as well as the g-suit evaluation and the investigation of the two

- 
~, nonlinear washout schemes , are presented in Section VII. Suggestions for

further research are found in Section VIII. Four appendice s are included :
V 

Appendix A provides the kinematic equations used in the scenario genera-
t ion; Appendix B present s the nonline ar “subliminal” washout scheme developed
in this research program for possible LAMBS application ; Appendix C con-
tains some of the raw fidelity measure dat a generated in this program; and
Appendix D gives a procedure for comparing and extrapolating results for
different linear drive logic configurations. Finally, the documentation

- of the software used in support of this study is found in the Software
User ’s Guide , presented in a separate rep ort (Ref. 2).
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SECTION II

SCENARIO GENERATION

A. I1ITRODUCTIOII

In order to perform optimization of drive logic, it is necessary to have
representative inputs which will expose the critical drive logic parameters.
Once the drive logic has been “tuned” for a particular representative input V

scenario, it is assumed to be optimum not only for th at input , but also
for any scenario which falls within the represent at ive scenario ’s particular
motion envelope . Thus, the ult imat e purpose served by thi s scenario genera-
tion is to provide a r ange of input scenarios from which to choose one “rep-
resentative ” scenario . The optimi zation is then performed using the chosen
scenario as the input to the drive logic. Note the implicit assumption
that drive logic opt imization for this “representative ” scenario will hold
for all other scenarios within the “representative” scenario motion enve- - -

lope. This , in turn, implies the following restrictions on the cptimiza—
tion process: the process by which the drive logic is optimized should be
indepe14ent of the drive logic inputs . This restriction is not observe d
in the strict sense by the optimization procedure stated later on. This
is an important point , and will be discussed later in Section IV.B.

Eight scenarios were generated in this effort; these included three

hs~dUng qualities tasks (}IQJ )T), one air-to-ground weapon delivery task,
and fc~r air-to-air gunnery tasks . Table 1 presents a brie f description
of each scenario , the identificat ion number assigned and its length in
seconds . 

-

3. ME~Th1) AID RESUI~S

The process of generati ng each scenario started with abstracting each
scenario in terms of three quantities. t

— roll acceleration (rad/sec2)

— pitch acceleration (rad/sec2)

VT — der ivative of inertial acceleration
(ft/seeS)

‘4.
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TABlE 1 • SCENARIO DESCRIPTIONS AND I1~ !1~IF~~RS

Scenario Working Scene Length Pig.
Description Notation Number of Run No.

Roll into 14. g constant altitude UQJ)T1 ‘I ‘% 0 sec 1
turn at about ig /sec

Roll into ~4. g constant altitude HQDT2 2 16 sec 2
turn, unload, and reverse to
opposite 14. g constant altitude
turn

Wind-up turn from a constant EQDTI4. 3 20 sec 3
2 g turn to a constant 6 g
turn at 1/3 g/sec -

Air-to-ground delivery from A/a 120 sec
lefthan d racetrack, 14.5 deg
dive angle

Air-to-air, low closure rate, AA1 5 614. sec 5
low angle of f

Air-to-air, high closure rate, AA2 6 17 sec 6
high angle off

Air-to-air, high closure rate, AA3 7 10 sec 7
low angle off

Air-to-air, head-on pass AAI4. 8 i~ sec 8

The required results are the quantities which serve as typical inputs to
the drive logic:

— in-flight roll rate (red /see)

— in-flight pitch rate (red/eec)

rA — in-flight yaw rate (red/eec)

— longitudinal specific force (g)
At pilot ’s

‘~po 
— lateral specific force (g) location in

the aircraft
irpo — normal specific force (g) 

V
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The f,, ~ and VT input quantities are used to drive a computer program which
uses kinematic equations of motion to produce the 

~A’ Q~~, r~, ‘½’o’ ~~~~~ 
and

*po inputs to the drive Logic . The kinematic equations are presented in
Appendix A, and a complete description of the computer prog ram which imple-
inents the scenario generation process can be found in the User’s Guide
(Ref. 2).

The input for the scenario generation consists of an array of discrete
j ,  4 and VT values which specify discrete time intervals and constant values
for these variables during the scenario. While it might seem odd to have
chosen f , 4 and VT as inputs , these variable s have been selected because
they are relative ly easy to specify for most flying tasks of interest , and
their integrals are smooth curves. Since the integrals of the inputs (e.g. ,

PA and q,~) are used as inputs to the drive logic , it is assured that the
drive logic input s are smooth and continuous functions . —

Two methods for abstracting the 
~~, 4 and Vq~ inputs were used. The

first method , employed for the air-to-g round and air-to-air scenarios,
consists of developing piecewise constant time histories for f , 4 and
~T such that the resulting airplane variables produced by the kinematic
equations mimic a strip chart recordi ng of those same variables. The
strip chart s were produced by the Air Force by flying each scenario of
interest in a simulator Table 2 present s a list of the variables
recorded on the strip chart for each scenario and an indication of which
of those variables were reproduced using the kinematic equations.

The second method, used for generating the KQ.PT scenarios, employed
a strategy similar to the one described above. Since strip chart record-
ings were not available for the HQDT scenarios, however, it was necessary
to construct the inputs to the kinematic equations solely on the basis of

verbal descriptions of the scenarios. For these cases, only- ~ and. VT were
extracted, while 4 was computed to assure that the airplane was maintained

in constant altitude flight ( see Appendix A) .  The variables rep roduced
for the HQDT scenarios are also shown in Table 2.

The following figures provide plots of the resulti ng airplane var ia-
bles. Table 3 lists the variables which are plotted, a description of
those variables, and the corresponding label used on the plots.
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~~~~~ 2. STRIP CHART AND SCENARIO VARIABLES

VARIA-
SIRS EXIST ~I STRIP CRAST FOR SCENASIOS: REPRC~UCED FOR SC~~ARIOS:

.1. ! ~ 2 1 1 ~ 2 !t 2 ~ 1
p X X X X X X X X X X X K K

q K X K X K K K X X K K X K

r K K K K K K X X x X X X

x x K x x x x x x x x x

4 x x x x x x x x x x x x

i. K K K K —

x x x x x x x x x x x x x H
o x x x K K X K K X X X X K

• K K X K X K K K K K K K K

a 
- 

K K X X K X X X X

K K K K K

1 K K K

4 K x x x x x x x

O x K )c K K K X K

I, K K K X K X K X X

& K K K X

4, x x x x x x x K_
po K K K X K K X X

il,0 K K X K K K K K 
-

VT X K K X K K K X X

X K K X K

VT K X X X K

Z .  H X X K K K

it K K X K K

H x X x K

ax K X X X

X X K K X

It K K K K

tYcg K

K

x K X K X

x x K x x

~ 
_______  

x x x x x

by K

X

Hz K

T K

V/U K

Pickle K
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TABlE 3. PLOTTED SCENARIO ~~NERATION VARIABLES

PlOT
V 

VARIABLE DESCRIPTION LABEL

4* Body axis pitch accelerat ion (d.eg/sec2) QI)

Body axis pitch rate (deg/sec) QA

V Pitch attitude rate (deg/sec)

e Pitch attitude (deg) TH

Longitudinal specific force (g) UPQ1)

~** Body axis roll acceleration (deg/sec2) PD

Pa~~’ Body axis roll rate (deg/sec) PA I~
V

Bank angle rate (deg/sec) PHID

p Bank angle (deg) PHI

+pe*** Lateral specific force (g) VPOD

VT Inertial speed (ft/sec) VT

Body axis yaw rate (deg/sec) RA

Heeding rate (deg/sec) PSID

* Heading (deg) PSI

Normal specific force (g) WPOD

VT Inertia], speed rate of change (ft/sec2) VTD

- I VT** Derivative of inertial speed rate of V~~D
change (ft/sec3)

Angle of attack (deg) ALFA

M Angle of attack rate (deg/sec) ALFAD

* input for scenario generation (except for HQ]Y1~ scenarios)
** input for scenario generation

*41* input for drive logic simulation
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SECTZ~~ III
)~ TI~~ BASE AIW P~~CKPTICE MODELS

A. IITR~~~ TI~~

The generation of scenario data consisting of three angular velocity
inputs (PA, q*, rA) and three specific force inputs (i~~0, ~po, i~~) 1~
necessary’ in order to provide inputs for the drive logic simulation. This
section describes the model used in that simulation.

This model consists of three parts: the drive logic itself, a model
of the human vestibular system (assueed here to be the primary motion sena-
ing apparatus), and the various sensory thresholds which are pres~~~d to
be qperative. In addition, a secondary motion cueing device, the g-euit ,
is modeled in connection with normal specific force perception. Although
the motion base model simulates the LAMARS drive logic, the technique
employed is generally applicable. In order to appLy this research to a
different motion base, it would onLy be necessary to change the drive logic
model. Since the approach to the overall model is a modular one, ~{.i1~~r

changes could be made to incorporate other sensory models as well.

The following sections discuss the drive logic model, the perceptual
model (including vestibular sensors and threshold effects) and the g-suit
model. The final section presents the overall block diagrams for the models,
for each of the six axes. This section also includes an explanation of the
sy~~ola used in the remaiuder of this report.

B. DRIVE LOGIC MODEL

This subsection provides a detailed description of the present IAMA1~
drive logic, as veil as of the two nortUnear washout features ‘which were
incorporated for investigation.

The function of the drive logic is to c~~~ite the actuator ~~~~~~~
for each aria of the motion base frem the angular velocity and specific

for ce ~~~~~~~ produced by the aircraft equations of motion. Mditir~~~1 ly,

the drive logic moat provide limiting to wevent the motion base fron hitting

~~~~ ~



~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~

the har d stops imposed by the physical travel limits of the simulator . -

The latter is accomplished by the combinat ion of washout filter s and limit-
ing computations. Limiting computations are not considere d in this research
program.

There are two dist inct methods for computing the drive co.mnnnds for each
axis: the crossfeed scheme (Ref. 3) and the crosaprod uct scheme (Ref. 4).
These are illustrated in Fig. 9, which presents simplified linearized block
diagrams for roll- sway axis implementation for each scheme. The crosafeed
scheme was designed by Bray for implementation on the Flight Simulator for

Advanced Aircraft (FSAA ) motion base. The crossproduc t scheme was designed
by Schmidt and Conrad; it forms the basis for the LAMARS dr ive logic.

The purpose of these two different washout implementat ions is the same.
In order to provide an accurate set of motion cues to the simulator pilot ,
it Is necessary to coordinate roll and sway axis motions and pitch and
surge axis motions. The coordination causes an angular conunand in roll or
pitch to also induce a sway or surge acceleration of the motion base as well.
This assures that no spurious lateral or longitudinal specific force cues
result from the gravitation vector when the simulator cab i~ tilted from
vertical . To accomplish this coordi nation , the cab angular displacement,
q~ , for exam ple , must be crosacoup led int o the lateral specific force path .
In order to simulat e low frequency components of lateral or longitudinal
specific force, components of gravitational force must be used. These

components are obtained by tilti ng the simulator cab . The low frequency
components of lateral specifi c force , for example, must be crosscoup led

- 
- into the cab tilt (ç~) path to accomplish this. These are the purposes of

the two path s labeled “residual tilt path” and “coordinating path” in the
block diagrams of Fig. 9.

Note , however, that the implementation of these coordinating path s is
4 dIfferent for the two schemes. In the cro ssprod uct scheme the residual

tilt and coordinating paths form a closed loop. There are no closed loops
in the crossfeed scheme , which provides the necessary coordination via
open-loop crossfeeds. The following observations can thus be made:

• The closed-loop coordination of’ the crosaproduct scheme
provides an effective second-order washout filter in
the angular velocity axis.

hi
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• The croasproduct scheme is designed to pro duce per -
fect recovery of specific force : the transfer function
between Vpo and +poF is always 1.

• The crossfeed scheme provides a means for introducing ~- -

deliberate miscoordination. This is accomplished by
varying the coordinating path gain, I(ç~.

The crossproduct scheme is the basis for the LAMARS drive logic. The
washout filter par ameters allow the simulator to be “ tuned” to provide the
most realistic motion cues available within the displacement, velocity and
acceleration constraints of the motion base. The key parameters of the

linear, second-order washouts used in the LANARS scheme are the gain K~[~
and break frequency W~~. Variation of the gain of the washout filter pro-

vides a method for attenuati ng the input signal , while variation of the

break frequency determines the motion washout rate (Ref. 5).

In the course of this research, two additional nonlinear washout filters

were investigated. Each of these adds a nonlinear computation to the under-

lying linear LAMABS drive logic. The first, the “Parrish” washout filter
( Refs . 6, 7), was developed to eliminate the so-called false cue encountered

~
-: ~ in simulating pulse-ty pe angular motions. This technique uses a cost func-

tion to vary the gain of the washout filter automatically. It provides an

“optimum” gain for the filter at each point in time, based on a number of
time-varyi ng par ameters ( such as angular velocity and angular displacement).

Figure lOa presents a block diagram of the Parrish filter as implemented for
-

~~ 
- -  an angular velocity axis. The investigation of this technique examined its

use in the roll axis only, since results from Parrish’s manned simulation
(Ref. 8) indicate that it is most effective in that axis . Detailed infor-

niation on the Parrish washout filter is in Ref’s. 6-9 .

The second scheme, the “subliminal” washout, was developed in this
research program (Ref’s. 10 and 11). It, too, builds on the underlying
linear LAMARS drive logic. This scheme employs two nonlinear functions

which increase the effective washout rate of the drive logic whenever the

input Is below a specified “indifference threshold” level. It has been

observed by several researchers that a level of angular velocity or specific

force cues exist, such that cues which fall below this level are not sensed
by a pilot under normal workload conditions. This “indifference” threshold
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is exploited in the subliminal scheme. It provides justification for
deliberately introducing translational miscoordination to reduce the sway
displacement required. Figure lOb presents a block diagram for imple-

- - mentation of this subliminal scheme for an angular velocity axis. The

subliminal scheme was included in the sway axis only, in this investigation,
although it can be applied for both sway and surge translational axes.
Figure 11 depicts the roll-sway axes for the LAMARS drive logic with both
nonlinear schemes included. Further details of the sublim inal washout are
presented in Appendix B.

C. PERCEPTUAL MODEL

One set of outputs from the simulation is the drive logic commands to
the physical motion base actuators. These consist of position co~~ands to
any or all of the simulator’s axes. A second set of outputs consists of

the motion cues presumed to be sensed by the pilot. These include angular

velocities and specific forces as appropriate to the six motion axes. In

order to include the pilot in the overall simulation of the LAMARS, it is

necessary to model the sensory apparatus which enables the pilot to perceive

his orient ation . This perceptual submodel is the subject of this section.

The vest ibular apparatus in the inner ear is the primary sensor of’

angular velocities and specific forces to be modeled here (Refs. 12-17).
- 

- 
- 

- - 
The vestibu lar system is comprised of the semi-circular canals and the oto-

-; lithe . Each inner ear contains three canals , oriented in an approximately
orthogonal axis system. These organs are the angular velocity sensors and
are modeled, according to their physical properties, as heavi ly damped
angular accelerometers. A schematic drawing of’ a set of canals and the
accompanying mathematical model relating sensed angular velocity to input

angular velocity is given in Fig. 12.

The otoliths are the other sensory organs in the vestibular system
(Ref. i8). Each inner ear contains two otolith organs: the eaccule is

located in an approximately vertical plane, while the utricle is located

in a plane inclined approximately 25 deg from the head upright horizontal
plane. The otoliths are the principle specific force sensors in the vestibu-

lar system. The physical properties of’ the otoliths are less well defined
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perceived angular velocity 
- 

lOs . for each axis
Input angular velocity - 

(s +.2)(s.lO) ‘ of sensitivity

Figure 12. Semi-Circular Canal Model
(After Ormaby, Ref. lii )

than the properties of the semi-circular canals. The mathematical model
used here, however , account s for a major portion of’ the experimentally
validated observations of’ otolithic function . A schematic drawing of
the otolith s is shown in Fig. 15. The mathematical model used to compute
sensed specifi c force from input specific force is also included in Fig. 13.

- : / - - Th~eshold effects are important in modeling sensory processes. Given
a threshold effect , it is assumed that motions whose magnitudes fall below
the threshold level will not be perceived by the pilot . There are two
types of thresholds modeled here . The first is a sensory threshold.; it
arises from physical limitations of’ the organ itself. This threshold type
is evident for the semi-circular canals — they are unable to sense angular
velocities of’ magnitude less than .035 rad /sec (Ref. 15) .

The second type of threshold is the “indifference” threshold, mentioned

previously in connection with the subliminal washout scheme. This threshold
type is evident for specific force sensing. Under normal workload, pilot.
are unable to detect specific forces of magnitude less than approximately
0.1 g (Ref. 20). It is important to note the phrase “under norma l workload”
In discussions of’ IndIf’ference thresholds . If a subject is aske d. to con-
centrate on determining when the sensat ion of’ specific force begins, the
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perceived specific force 
- 

lO( s+.08)
Input specific force 

— 

(s +.2)(s+lO)

Figure 13. Otolith Model
(After Ormsby, Ref. iii.)

sensory threshold is found to be approxfmatei,y 0.005 g (e g , Ref 15) —

the otoliths are very sensitive to stimulation. If’ the subject is given

a task to perform in addition to indicatin g the onset of a specific force,

this “Indifference ” threshold is found to be much higher than the sensory

threshold — approximately 0.1 g, as stated above. In the simulation of

actual flight scenarios , It is aBsumed that the indifference thre shold

will be c~erat Ive , since the pilot ’s primary task will not be mere detec-

tion of the motion cues, but rat her an actual flying task. The indIffBr-

ence threshold may be visualized not as a sensory limitat ion but as the

result of an information processing allocation decision made in the central

nervous system to weight the primary tasks associated with flying the air-

craft more heavily than the task associated with specific force sensing.

Although this allocation process is not at all well understood, the result-

ing threshold effect is easily modeled.
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The perceptual model includes the sensory threshold for angular velo-

city and the indifference threshold for specific force in the appropriate
paths. Figure 1~ depicts the model used to implement these thresholds as
a a~thematical function . Also, the threshold level for each axle i~
indicated.

3 D. G-8U1T W~~L

A second sensory modality is includ ed in the simulation of normal
specific force perception . This is necessary because motion simulator
travel limits severely constrain reproduction of normal specific force
CUeB• Although visual scene s are often very compelling in terma of sinii-
lating angular and translational velocitie s, it is not possible to Induce
a sensation of 8 ’~ visually . This Is because the prima ry g-force sensory

-

~~~~~~~ ~~T

~~~~~~~ P~

/

4” 

~~‘~~T (p~
) PS_ PT s~n ( P~1Pi~

a) Presumed Form of IndIfference Threshold

AXIS THRESHOLD VAWE

Pitch 2 deg/sec
Surge 0.1 g

Roll 2 deg/sec
Sway 0.1 g

Yaw 2 deg/sec
Heave 0.0 g

Figure 14. Threshold Model and Thre shold
Values for Each Axis
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modalities are vestibular , tactile and proprioceptive. One approach to —

this problem of’ simulating g-force sensations in an essentially static
environment is by means of tactile stimulation using a g-suit (Ref. 19). ç

The g-suit (or pressure suit ) was designed originally for use In high-g
environments, in order to reduce the often debilitat ing head-to-toe hydro-
static blood pressure gradients encountere d in high-g aircraft maneuvers.
Dif’f’erent use is made of’ the g-suit in the simulator context . Here , pre s— t
sure is applied to the pilot vise th~ suit in order to provide tactile tstimulation similar to that encountered in flying as normal specific force
(g ’s) vary. The g-suit is driven in accordance with the in-flight normal
specific force generated. by the aircraft • The objective of’ g-auit use is
to induce a more realistic perception of’ the normal specific force envi-
ronment .

The mode l used for the g-suit pressure response is a lag with bre ak
frequency at 1.0 rad/sec. This model is driven by the actua l (in-flight )
normal specific force, and produces an additional sensed quantity which is
integrated with the output from the vestibular perceptual portion of the
model. In this way, it is possible to examine the effect of’ the g-suit on
the total perception of’ normal specific force. The model for the g-suit

is such that the combined output from the suit and the vestibular sensors
•1 

~~ 
-

yields full recovery of the normal specific force cue for the in-flight
situation . The manner of integrating vestibular and g-suit induced per-
ception of normal specif’ic force is shown in block diagram form in the
next subsection .

E. THE TOTAL M~~EL

The overall model used in this research in order to evaluate the LAMARS
— dr ive logic consists of a simulat ion of the drive logic itself , and a

simulation of’ the major sensory channels known to be active in the siimi-
lator pilot. For each axis, the model combines the drive logic equations
for that axis, the appropriate vestibular sensor for that axis (semi-
circular canal model for angular velocity axe s, otolith model for specifi c
f’orce axes) and the particular threshold in effect for that axis ( sensory
threshold for angular velocity axes, indifferenc e threshold for specific
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force axes). In addition , a model for perception of normal specific force
via tactile stimulation provided by a g-sult is Included in the heave axis .
It is presumed that the g-suit provides a more compelling normal specific
force simulation than do the visual and motion cues alone . Integration
of the g-suit -induced cue is based on this presumption. -

The figures which follow illustrate , in block diagram form, the total
linear model for each pair of axes. Table 14 present s a list of the major
variable s for each axi s, and Table 5 provides a list of the parameters to
be set and their nominal (F-17 configuration from Ref. 1) values. There
are several notes which accompany Figs. 15-17 :

1) LAMARS has no longitudinal travel capability; there-
fore, no coefficient values relati ng to i~, * or x are
shown.

2) Roll-sway axes show the linear washout case only; the
nonlinear cases are shown in Fig. 11.

3) Yaw and heave axes are uncoupled.

14) No perceptual or indi fferenc e threshold s are thought —

to be applicable in the heave axis, so none are included.

5) An equalization is postulated in the heave axis so that
- - 

— the total in-flight percept ion computed by summing the
g-suit tactile sensat ion and the vestibular sensation
is equal to the in-flight normal specific force.

Further details on the actual software implementation of the model is given
in the Software User ’ s Guide .
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TABLE 14. LIST OF VARIABLES FOR MODEL BLOCK DIAGRAMS

VARIABLE
NAME DESCRIPTION

Input pitch velocity (actual)
Recovered pitch velocity (simulated)
Conru~nded pitch angle

qe Scaled error between q~ and ~~~
q~p Actual pitch velocity after perceptual processing

Simulated pitch velocity after perceptual processing
Scaled error between q~~ and q~yp
Actual pitch velocity with threshold imposed after
perceptual processing

qAFI Simulated pitch velocity with threshold imposed. after
perceptual processing
Scaled error between and

4,, Input longitudinal specific force ( actual)

‘2poF Recovered longitudinal specific force (simulated )

~~ 
Scaled error between 4,~ 

and ~~oF
Actual longitudinal specific force after perceptual
processing

~1p~pp Simulated longitudinal specifi c force aft er perceptual
- ~ - - 

- processing
lLpe Scaled. error between Upop and

~poI Actual longitudinal specific force with threshold imposed
after perceptual processing
Simulated longitudinal specific force with threshold
imposed. after perceptual processing
Scaled error between 

~~oI and 
~~oFI

Input roll, velocity (actual)
Recovered roll velocity (simulated)
Ct~~n~nded roll angle

Pc Scaled error between PA and PAP
Actual. roll velocity after perceptual processi ng

p~~~ Simulated roll velocity after perceptual processing
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TABLE Ii. (co riNu~~D)

I
Ppe Scaled error between PAP and I~yp

~AI Actual roll velocity with threshold imposed after
perceptual processing

~A7I Simulated roll velocity with threshold imposed after
perceptual processing

PIe Scaled error betw een 
~AI ~~~

tpo Input lateral specific force (actual)
tpoF Recovered lateral specific force (simulated)

Commanded lateral position

~e Scaled error between and tpoF
1 poP Actual lateral specific force after perceptual. pro-

cessing

+p~g’p Simulated lateral specific force after perceptual
processing

+pe Scaled error between +pop and tp~~P
TpoI Actual lateral specific force with thresholds imposed

after perceptual processing

-; 
VpoFI Simulated lateral specific force with thresholds imposed

after perceptual processing

tle Scaled error between 0’poI and 0poFI

Input yaw velocity (actual )
- 

- rAP Recovered yaw velocity ( simulated ’)
Commanded yaw angle

re Scaled error between r~ and r~j
rAP Actual yaw velocity after perceptual processi ng

rApp Simulated yaw velocity after perceptual processing

rpe Scaled error between rAp and rApp

rAl Actual yaw velocity with thresholds imposed after per-
ceptual processi ng

rAPI Simulated yaw velocity with thresholds imposed. after
perceptual. processing

n e Scaled error between r~~ and rAFI

‘3
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TABLE 14. (c0NcUWED)

*po Inp ut normal specific force (actua l)
Recovered norm al specific force (ainü~ted)

zM Cosmianded vertical position
— Scaled error between and *poF

Wpejp Actual. normal specific force after perceptual processing
Simulated normal specific force after perceptual pro-
cessing

*pe Scaled error between ‘~ipop and

*pOII Actual normal specific force after equalization
Actual normal specific force after g-suit processing

*poI Actual total perception of normal. specifi c force
Simulated. normal. specific force after equalization

TMIe Scaled error in total perception of norm al specific
force without g-suit

Wse Scaled error in total perception of normal specific
force with g-auit

~‘popS Simulated total perce ption of norma ]. specific force
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TABLE 5. LIST OF MDDEL PARAME~~RS AND
THEIR NO1~ffNAL VALUES

Paranm ter Value Unit s

Kq 0.5
K~p - 1.0

0.5 red/eec
o~ p 0.2 red/sec
U~ p 0.2 red/sec

~3p 0.7

0.05
0.2

1.0
1.57 red/sec
0.266 red/sec

0.65- red/eec
cn3R O.6~ red/sec

1.0 red/sec

Ciy/(2~/~~~) 0.7

0.002~

~3R 0.7

Kr 0.~
• K~~ 0.15

1.0 red/eec
0.05 red/sec

C2Z 0.0 (rad/aec)2
C3z 1.11 red/sec

C14Z 1 • 0 (rad/eec)2

0.3 red/sec
0.0 rad./eec

0.0 red/eec

°36P 0.0 rad/ see
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SECTION IV
MEASURES, CRITERIA AND PARAMETRIC STUDY

A. 1IITRODIXTION

Once scenario dat a for typic al flying tasks az~d drive logic and perceptual
models are in band, it is possible to compute times histories for a].]. in-flight
and simulati on variables of inte rest. In order to interpret this data it is
necessary to design a method by which the resulting time histories of the
various variables (listed in Table 14) can be evaluated. Evaluati on is with
respect to effect upon simulator motion fidelity and required accelerat ion,
velocity and displaceme nt as drive logic par ameters are varied. The method
used in this research employs a set of “measures” computed from the drive
logic simulation variables. These measures are of two types. Those of the
first type are constituents of a motion fidelity criterion . The constituents
are a dissection of a normalized mean square error accordi ng to contributory
sour ces believed to be significant . These measures then re-combine to
form a criterion for assigning a meaningful “value ” to a particular simu-
lator configuration (i.e., given set of dr ive logic parameters). This value
is an index of fidelity for simulator motion repro duction. By using thi s
criterion, it is possible to compare drive logic configurations and thereby
choose an “optimum” configuration . 

-

/

The second type of measure represents peak normalized acceleration,
velocity and displacement required of the simulator hardware as a function
of key drive logic parameters for a given scenario. These measures are
then used to determine those combinations of drive logic parameter value s
which will not result in exceed.ence of the physical motion capability of a
given simulator (e.g., LAMARS).

The next sub-section begins by motivating the choice of measures and the
criterion. A list of the computed measures for each axis is pre sented..
Then, the computed peak measures for the eight scenario inputs to the nomi-
nal LAMARS drive logic are compared. This results in the choice of a “repre-
sentative ” scenario for use in the remainder of the study. Using the
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represent ative scenario , a parametric study with respect to the key drive

4 logic parameters is undertaken ( see Table 5) .  Measures for sets of sy-ste-
matic parameter variations are computed. Comparison of the measures exposes
the important sensitivities of the motion fidelity criteria to the drive
logic parameters, and. provides direction for a simulator experiment to deter-
mine one remaining key parameter. This key parameter is the marginal utility
of dynamic motion reproduction errors with respect to motion scaling error s
as implied by pilot subjective choice of optimum motion reproduction. A

value for this parameter completes the motion fidelity criterion develop-
ment. The criterion -is thus ready for application as the basis for drive I -

logic optimization.

B. GENERAL E~~LANATION OF MEASURES AND CRITERIA

Suppose a typical motion variable upon which a measure is to be based
is x. The actual, in-flight motion variable is x8, while the simulated.

motion variable is x5. Let the scale factor applied to the Xa variable
to reduce the level of simulated motion be K, while the scale factor for
other motion variables which couple with the x5 response is Ic. The purpose

of the proposed measure is to provide a meaningful basis for comparing the

I X5 and x5 variables produced by different drive logic configurat ions. 4
Consider one method of compari ng the simulated motion with the actual

motion : the error variable composed of the difference between actual and

simulated motion .

€ = xa — x g = ( 1 — K ) x a + (K xa~~~xs)

The algebraic expression on the far right side of the equation separates
this error into two distinct parts: the first term (1 — K)xa is the component
of the error arising from scaling, while the second term ( iCx~ — x5) is the

component of the error arising from the washout dynamics.

The process of separati ng the various components of the error can be
taken one step further. Consider the mean of the error squared, ~~, normal-

ized. by the mean of the actual motion variable squared. , x~. The normalization
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assures that this measure will be fairly indepe ndent of the particular maneu-
ver. This is a desirable feature which was identified earlier in Section II.A.
The resulting calculation illustrates this approach to criterion development:

- / 
2 (Kxa — x s)~ K~~~ _ XaXa

= —~~1 — K )  + 2(1 — K)
a

The thre e terms on the far right of this equation are the constituent measures.
The first measure, (i  — K) 2, represents the effect of motion scaling error.
The second measure represents the effect of dynamic error in reproducing the
scaled motion. The third measure corrects for the combined effects of scaling
and dynamic error .

- -
- This J0 criterion and its component measures constitute a plausible method

for application to uncouple d axes such as heave or yaw . In fact , it will be
seen that this very criterion is used for those axes , with one important change
discussed shortly. A problem exists , however , when attempting to apply this
J0 criterion to the coupled roll—sway or pitch—surge axis sets , since it is
not possible to distinguish between sources of infidelity aris ing from dynamics
and those arisi ng from coupling between pairs of axes • In order to disting uish
between these sepa rate sources , the J0 equation is refor mulated in an equiva-
lent , but more elaborated form , as follows:

i / - I t (K a x.)L~ __________( i — x ) 2 + + 2(1—K) I —

1 
4

F (Kz~ — x sP — (Kz~~~’x 1)~ 1 (X&X5)~ (X~X~ )

I ‘~‘° I+ 2( 1 — X )  KmO

4 1 4
This J1 criterion now inc]i4es asur es which isolate the coupling

effects arising from the two inputs. This ii accomplished by evaluating

the measures with one input “shut off” (when i - 0), and then evaluating
th. incremental effect on the aaure with that sa input “turned on. ”
Again, the first measure accounts for the effect of motion-scali ng error .
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The second measure represents the effect of dynamic error in reproduc ing
scaled motion, in the absence of coupling between simulator axes. The third
measure corrects for the combined effects of scaling and. washout dynamic
error in the absence of coupling between the simulator axes. The fourth
measure represents the incremental effect of coupling between the simulator
axea on the dynamic error in reproducing scaled motion. The fifth measure
represents the incremental effect of coupling between simulator axes on the
àombined effects of scaling and washout dynamic error .

Two criteria forms have been developed for the purpose of comparing
various drive logic schemes. The J 0 criterion is useful for uncoupl ed r
axes, while the 

~i criterion permits the inter-axis coupling effects to

be taken into account . One further refinement requires the measures to
be normalized by K or K2 while at the same time allowing for a weighting
factor k where k ~ aX. The following criteria are those used for the
rema inder of this study:

— 

= (l _ K)
2

+ k 2 1~~~~~~~~
x3)

j+ 2k( 1 — K) [~~~~ 
_ (xaxs)

K2Z

= (i — K ) 2 
+ k2 

[(~~
a
_ X

s)
~~~O1 + 2k(1 _ K ) [ _ a (

~~~s)~~o~
K24  K X ~

2 (1~ a — 
x8)2 — (Kxa — x$_ 1 [(x ax8)— _ — (xax 8)

+ k  —o I + a ( 1 K )I  -O
K2~~~ J [ 1(4

Notice now that a. can be treated as a marginal utility parameter which
reflects the pilot’s subjective perception of the importance of dynamic washout—
induced error relative to scaling— induced error. This weighting factor, a.,
permits the effects of dynamic washout error to be expressed in units which
are equivalent, in the pilot’s subjective judgment, to the motion scaling
error . As will be seen in the next section , it is the ~*irpoae of the simulator

62

- _ _ _ _  

- 

— - -~~ ~_ — - - .~~~ _ ~~~_ ____ . - __~._(~ -_ -



—
~~

-.- ‘.-——-— ----. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—
~~~~~

experiment to determine this pilot-preference weighti ng factor , a., in
the criterion for each axis.

The 
~ 

and J1 criteria have been specially constructed to have the
following characteristics:

• J0 = 0 or = 0 implies ideal motion recovery (i.e., - 

-

in-flight and simulated motions are identical)

• J0 .~~ 1 or J1 .~~ 1 implies that the simulated motion has
ceased to make a positive contribution to the overall
simulation fidelity.

Thus , once a has been selected via the piloted simulation experi ments, the
objective of the drive logic optimization is to minimize J0 or J1 by select—

ing the appropriate scaling gain and washout break frequency. The criterion
is applied separately for each axis . Optimization with resp ect to these
criteria ult imately results in the determination of drive logic gains and
break frequencies for each axis.

C. ALTERNATIVE CRITERIA AND 1*~ASUR~S

Three alternative criteria for motion fidelity in each axis are con-
sidered. These are based upon the normalized mean of the squared errors
following drive logic processing (e.g., [pA _p~~]2/I~ and [~~o

_
~poF]2/~~

in Fig. 16); following sensory processing (e.g., 
~~~ 

— pA~pi2/~~~ ar4
[VpoP — ~~~~~~~~~~~~ in Fig. 16); and following threshold processing (e.g.,

[PAl — pAFI]2/~~~ and — v~011]2/~~01 in Fig . 16) . Constituent measures
must be computed for each of the three alternate criteria for each axis.

Table 6 presents a list of the measures which are computed for each axis
and their appropriate units. Basically, there are thre e sets of measure s —

based on mean square errors for each axis : those computed after the drive
logic processing, those c-imputed after sensory processing, and those computed - -

after threshold processing . For the coupled axes (pitch-surg e and roll_sway),
there are- six measures in each set : the mean of the squared actual motion ,
the four bracketed measures which comprise 

~i,  and the mean of the squared
simulated motion. ~br the unc upled (yaw and heave ) axes, there are only
two bracketed measures which comprise the J~ criterion, so the total number

63

4 
________ _____________________ ____________________________ 

-

• —— - — -—-—-——-,— — — -—— - — -
~~~ -—— -— ———-

•_______ — - —---—--—-—-- - - — — --—- _________ 
-~ -* - - — -- - -~ 

~~~~
--

- ~~~~ ~~~~~~~~~~~~~ ~~~~ - -- -~~~~~ 
-~~~~~- ~-~~~

- - i- 
- - a - ,  

~
-- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~ .-- -



_____  
________  - -

-~~~~;
-

~~~~~~~~~~~
-

~~~~
- -—

~~~~~
--—- - - - - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ L :: - - -

~a ~~~~ ~~

3

R~ k

0

H 

-

- 

13 ~

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

R

_ _ _ _ _ _ _  

2

I -
~~ 08 0

~ ~* ‘~ ~ ~r
~

I : ~.

~~~~ 

‘
~

0

~~ 
r~~~~~ 

~~~~~~

_____________________ 

~~ 

!

- __I___ __ 
- — _____ — - - — -—--s ~

— ~~~~~~
- 

~~~
- - -~~~~~~~~~ ~ ~~~~~~~~~~~~~~~ 

- -

A ~~~~~



_______________ 
~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 

- -
~~~~~~~~

-“‘ - 

1~

k 

I

~

II

~ ~~~~~ _ _ _ _

~~~~~~~~~~

I~ 
_ _ _  _ _ _ _ _ _ _  _ _ _ _

- I

H ~~j~a a
~~1I~~~~~ :~~~~~~~~~3 

;
1

)
i~~1!

— _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _  

;~~~- 

II 

-

H !~~~~~~ ~~~~~~~~~~~~ _ _ _ _ _ _  _ _ _

I

— 

$ ~ I ~ I U

—

—V.-—- -
~~~

‘l _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _

~ ~ 1 L ~ :ii~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _



-
~~~~~~~ 

- - 

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - -.- -

of measures per set is four . For the heave axis, there are additional
measures (GSi , 082, 085) which are similar to the PNL 1, PNL3, and PNL 5
computations , but do not include the effect of the g-suit .

D. C1EO6I~~ A R~~~~~~~1~ATI1E 8C~~IABI0

Besides the measu res which comprise the J0 and J 1 criteria , peak value
measures are also computed. These measures are the nor malized peak values
of comasnded acceleration , i~elocity and displacement (refe r to Table 6)
which are the drive logic outputs . These measures, when compared to the
appropriate hardware limit s of the particular motion base , provide a basis
for choosing the scaling gain and washout break frequency combinations
required in order to fit the reproduced motions to the capabilitie s of a

given simulator. These peak value measures are also used to select a repre-
sentative scenario.

It was stated in the scenario generation discussion that the purpose of
generating eight scenarios was to provide a data base from which to choose
the scenario which best enveloped the remaining scenarios . This “representa-
tive’t scenario would then be employed, throughout the parametric study/drive
logic optimization phases . This is a valid approac h, since the criteria
and their constituent measure s were deliberately developed to be fairly

~~~, : ~~~~ - independent of the input. Thus, optimization based on the inputs from a
“representative ” scenario can be said. to be t~ipical for all inputs which

- 
- : .~ f~U within those “representative ” limits .

In order to choose a representative scenario, each of the eight scenarios -

was used as the input to the drive logic/sensor siinu].ation. The resulting
peak measures for each axis are listed as the PACC, PVEL and PDIS entries
in Table s C-i , C-2, and C-, of Appendix C. Note that the drive logic para-

meters used in each case are those listed as the “nominal” parameters in

Table ~ , so the drive logic used to select the representative scenarios is
that currently used for IAWRS.

The measures of interest here are the normal ized peak values of velocity

and displace ment for the angular axes, and the peak value s of acceleration ,
velocity and displacement for the translational axes. These peak values

are normalized by the scaling gains having primary influence on that peak.
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Table 7 presents a su~~ary list of the appr opriate IAMA~~ motion base limits
for comparison with the peak values for each scenario. In order to compare
the scenarios , some of the peak values are plotted versus scenario . These

- 
- 

- 

plots are found in Fig. i8 (refer to Table 1 for interpretation of the
scenario numbers). The equation used to compute the normalized IAZ4A.~~ hard-
ware limit is inc lude d on each plot.

As can be seen from Table 7 or the plot s, especially the heave and pitch
axis plots , Scenarios 6 and 8 clear ly do not “fit ” on the simulator when the
nominal drive logic gains are used. Also, it is evident that, for the most
part , Scenario 4 (the air-to-ground weapon delivery task) envelopes the
requirement s for Scenarios 1 through ~ and 7. On the basis of this obser-
vat ion , Scenario 4 is designated the “repre sentative ” scenario (Scenarios 6
and 8 are presumed to be inappropriate for simulation for convenience in pre-
senting subsequent methods and results). It will be used as the drive logic

input for the remainder of this research. Once the drive logic is optimized.
* for Scenario 4, it is assumed that the same optimization appl ies for Scenarios

l through 5 an d 7 a s well.

Having chosen the representative scenario , it is now possible to identif ~r
the upper bounds on the scaling gain for each axis . This is accomplished by
dete rmining that scaling gain value which when multiplie d by the normalized

- 
- I peak value for Scenario ii. result s in a product which is equal to the IA14A.~~

- ‘1 hardware limit. This determination of the maximum scaling gain assumes
the othe r drive logic parameters are constant. Table 8 present s the results
of these computations. These results may be regarded as a first tentative
step toward apti mizing the drive -logic. However , it is usual ly desirable
to optimize with respect to the washout break frequencies as well as the
scaling gains . A method for determinin g those combinations of scaling gain
and washout break frequency which satisfy the simulator hardware limits is
discussed in the next subsection .

N. P.ARAJ~ ’rRIC STtJD!

Three goals must be achieved in this drive logic parametric study. First,
a range of drive logic parameters must be established for the IA~~S simulator
experiments at Vought . In particular , the range of drive logic parameters
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TABLE 8. CO~~t7~ED UPP~~ BOUNW ON SCALING GAINS ( POR NOMINAL
WASNO1J~ BRE&K ~~EQU~~CI~~ OF TABLE ~ AND SCENARIO 4)

Pit ch~ Icq~~~O. 14

Roll ic~~~. o.81

Sway K~~K1~~~O.1’i

Yawt Xr~~~ l .O -e

Heave Kz K2z ~ 0.16

• LAMABS pitch limits have been reduced to account for ’
the derotation required in connection wit h heave
mot ion .

t The upper bound of unity on the scaling gains is
operative here.

which can be investigated (i.e., which will f i t)  on that simulator must be
defined. ( “Fitting” the simulator refers to commanding motions which do
not exceed the displacement , velocity and acceleration limits of the motion
base). The second goal is to identi fy the key simulator axes for experi-
mental investigation. The third goal is to obtain the drive logic parametric
effects on the measures. This will provide the data base required in the
next section for refining the fidelity criteria and for optimizing the IAMARS
drive logic . The latter data is also used to define the range of drive logic
parameters which result in commanded niotion~ which ‘will fit within the IAMARS
limits .

This parametric study is not intended to be exhaustive. Rather it La
structured to highlight the most significant effects of the drive logic
parameters on the measures and criteria. To this end , certain break fre-
quencies of the IAMABS drive logic are chosen to covary . For example, in
the pitch-surge axes the following relationship is used to relate C4~~ (Dsp
and

= 1.4w3p = 1.4 W4p
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Similar relationships are used for the other axes (refer to Table 9). These
relationships limit the number of para meters varied to the essential minimum
number. Obviously , such relationships are somewhat arbitra ry and it is
certainly possible to vary each parameter separately. Such a study is out-
side the bounds of this investigation , however. Furthe rmore , it is possible
to approximate the effects of changes in these secondary param eters from

p values specified in the given relationships by defining tt effective values”
of the essential parameters . One procedur e for defining values for the
effective lead frequency and effective delay parameters is described in

Appendix D. ~~~
-

Table 5 lists the parameters available for variation in the existing
drive logic . The parametric study uses a linear model of the IAMARS drive
logic configuration. Table 9 describes the parameter variation matri x.
Comparing the two table s provides a means for understanding which parameters
other than scaling gains are thought to be critical for each axis . Scaling
gain effects are treated via normalization with respect to the scaling gains
since the drive logic model is linear .

The parameter var iations result in tables of measures , Tables c-4 through
C-l Ii in Appendix C. Again , it is useful to compare the peak values of accelera-

- 
-- -. 

- 
tion , velocity and displacement for each axis with the har dware constraints
of the IAMkRS motion base fbr that same axis . Table 10 m a kes this comparison .

- - - 

- ‘ t These dat a are used to identify drive lOgic’ parameter conü inationa
which result in simulated motions which will “fit ” on the motion base. As in
the previous section , the concept of “fitting” on the simulator is based on

- ‘ 

the normalized lAMBS limits. And again , the upper boun d on the gain necessary
to make the motion fit on the motion base can be computed for each value of =
break frequency , B() .  If we assume that the optimum occurs for the scaling
gain at its upper bound a unique relationship between scaling gain and break
frequency for motion is defined. Existence of such a relationship greatly
simplifies the optimization task . It is then sufficient to optimize ‘with
re spect to either break freque ncy or gain , rather than with resp ect to both.

Scaling gain versus break frequ ency plots for heave , roil and sway of
I.AIIA.BS are shown in Figs . 19 , 20 and 21 , respectively . These plot s are
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TABLE 9. VALUES USED FOR PARAMETRIC STUDY

PARAMETER VALUES

O.5 _
K2p 0.0, 0.5, 1.0

u~q (1.4 Bq) .0945, .175, .35, .7, 1.4 , 2.8 cases

cs~~ (Bq) .0675, .125, .25, .5, 1.0, 2.0

W4p (Bq) •0675, .1 25, .25, .5, 1.0, 2.0

Roll-Swa y

0.5
K2R 0.0, 0.5*, 1.0
Ic5, 1.0 42 caaes

Wp (1.4 B~) .0945, .175, .35, .7, i .~i , 2.8 
* This value

0.0 of K2R is used

0 0  
onhy with C2yCA~R - .o~~~.

(D3R(Bp) .0675, .125, .25, .5, 1.0, 2.0

w4R(Bp) .0675, .125, .25, .5, 1.0 , 2.0

C~~ .0025, .0225, .25

Yaw and Heave

Kr 0.5

Kz ’ K ~~ 0.15
w~ (Br) .0675, .125, .25, .5, 1.0, 2.0

Ci~ .05
0.0 6 cases

C3z (Be ) .0675, .125, .25, .5, 1.0, 2.0

CII Z (B~) .0046, .oi~ 6, .0625, .25, 1.0, 4.0

C,~ (B5) .0675, .125, .25, .5, 1.0, 2.0
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TABLE 10

PEAK VALUES FOR PARAMETER VARIATION
VS. BREAK FREQUENCY

LAJ(ARS BP.0.0675 0.125 0.25 0.5 1.0 - 2.0
LDW~S lad/s.c 1.4/sec red/s.c red/sec red/s.c red/sec

Pitch
= Derotated Displ. (dsg) ± 14.76

Velocity (deg/sec) 60.0
Acceleration (d.g/s.c2) *l~oo.o

Z~p O.O
Derotated Displ. (deg) 20.36 19. 1*1 11.7 5.51 2.12 0.97
Velocity (deg/sec ) 5.58 5.1*3 5.0 3.30 2.16 1.09

X2p 0.5

Derotated Displ. (deg) 21.06 22.01 16.0 12.58 10.5 10.1*2

Velocity (deg/aec) 5.6~ ~~ 5.73 14.89 3.96 14.51
- i X~p s 1.O

Derotated Dispi. (deg) 22.79 214.61 20.314 18.26 19.51 20.1,0

Velocity (deg/sec) 5.75 5.87 6.1*7 7.07 7.114 8.914

Yaw

Derotated Diipl. (deg) ± 1*.~6 13.5 7.28 3.97 1.96 0.93 0.55

Velocity (deg/eec) 50.0 1.91* 2.18 1.81* i .i6 0.72 0.37

-

~ - Acceleration ( deg/sec2) *200.0

Heave

Displacement (tt ) ± 10.0 300.0 210.0 91.5 214.0 6.0 1. 1*1
Velocity (ft/ see) 13.0 1*2.0 31k., 28.5  8.7 14.5 1.5

- - 

- 
- Acceleration (ft/eec 2) ± 96.6 114.14 15.0 13.05 8.1* 14.8 3.9

- 
- Roll (1C~~~~o.5)

Displacement (deg) ± 25.0
Velocity (deg/sec ) 60.0

Acceleration (deg/sec)2 ± 1*60
p

1 
1c~~~= 0.0

Displacement (deg) 142.88 1*3.6 1*1.63 26.05 11.05 5.33
Velocity (deg/sec) 27.9 28.33 214.01 21 .03 16.31 7.88

K~~~~ 0.5
Displacement (deg) 1*2.8 1+5.8 141 .5 214.9 9.37 14.6
velocity (deg/sec) 27.9 28.5 23.7 20.7 114 .7 5.1

1C:~~~= 1 .0
Displacement ( deg) 142.9 143.7 .1 .3 214.0 9.0 14.6
Velocity (deg/sec) 27.9 28.3 23.5 20.5 13. 1+ 14.5

_ _ _  

~~~~~~~~ --~~~~~~~~~
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TABLE 10. (CONCLUDED)

1.411 U.0.0675 0.125 - 0.25 0.3 1.0 2.0
LDCTS 1.4/s.c red/s.c lad/s.c red/sec red/s.c red/s.c

Sway -

Displacement ( it )  ± 10.0 -

Velocity (ft /see) 10.0
Acceleration (ft/see 2) ± 51.52

= - 0.0, C~y 0.0025
Displacement (it ) 900.0 1460.0 195.0 75.0 21.5 5.5
Velocity (ft /see) 

- 
8~.0 90.0 1*8.~ 27.5 11.0 3.6

Acceleration (ft/sac 2) 26.9 23.6 214.16 13.7 5.81* 3.11*

— 0.0, C2~ — 0.0225
Displacement (it ) 365.0 31,0.0 180.0 65.0 20.0

Velocity (ft/sec) 80.0 65.0 55.0 30.0 10.5 3.1*
Acceleration (ft/see 2) 26.1* 28.0 21.7 10.7 6.33 3. 14

0.0, C~~ — 0.25 -

Displacement (ft) 80.0 70.0 60.0 35.0 12.0 3. 145

Velocity (ft/sea) 28.~ 30.2 29.8 12.9 6.36 2.33

Accelera tion (ft/see2) 1).) 11.5 10.8 9.9 6.3~ 3.12

— 0.5, C~~ — 0.0225

- - 
Displacement (f t)  365.0 31*5.0 180.0 65.0 22.0

Velocity (ft/see) 80.0 6~.o 55.0 30.5 1 1 .5  14.0

Acceleration (ft/ace2) 25 0 26 5 22 0 10 7 6 1* Is 0

— 1.0 , C~~ — 0.0025
Displacement (f t )  900.0 +70.0 200.0 8~.o 26.0 8.0

Velocity (ft/see) 85.0 90.0 50.0 29.0 12.5 5.0

Acceleration (ft/eec 2) 25.6 22.6 214.1 114 .2 7.1+ 5.2

K~~ — 1 .0, C~~ ~~0.0225
Displacement (f t )  365.0 31*5.0 185.0 70.0 214.0 8.0

Velocity (ft/ see) 80.0 65.0 55.0 31.0 12.5 ls.9

Acceleration (ft/see 2) 214.1* 26.9 21 .8 11.6 7. 1 5. 2

- 1.0 , C27 - 0.25
Displacement ( f t)  80.0 70.0 60.0 37.5 114 .0 5.0

Velocity (ft/see) 27. 1 29.0 214.3 13.7  7.2 3.1*

Acceleration (ft/see 2) 12. 2 io.8 10.7 9.7 7.9 14 .7

_  _ _  
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Figure 19. Computed Heave Scaling vs • Washout Break frequency
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Figure 20. Computed Roll Scaling vs • Washout Break Frequency
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derived from the PACC, PVEL and PDIS entries in Tables C-9, and Tables 11-1 4
and the IAMABS motion limits listed in Table 7. Notice that the sway axis
is also sensitive to variation s in C21 (as expected), so Fig. 21 is actually
a family of cur ves • Table 11 provides a set of relat ionships which define
the scaling gains for each axis • These relationships define the gains for
the subsequent simulator experiment.

There is one important unknown left in the optimization process — tile
pilot marginal uti lity parameter, a.. The marginal util ity can be determined
bi a series of piloted simulation experiments . These are run for each
axis using several combinations of gain and break frequency satisr3ring the
relationships given in Table 11.  Pilot opinion ratings and conznentary can
be used to establish the best among the several combinations and a relativ e
ranking o~ the combinations . An estimate of the marginal utility parameter a.,
for the critical axis may the n be inferre d by means of the following process.
The criterion (J 0 or J 1)  is evaluated as a function of a for each gain and
break frequency combination used in the simulation experiment . The value of a.
which results in the minimum criterion valu e for the pilot-identified “best”
combination and also results in the correct relative ranking according to
criterion value, is accepted as the “true” marginal utility parameter value .
The results of such an experiment will be presented in the next section .

Once the criterion and associated marginal utility parameter value , a.,
for each axis are available, this motion fidelity criterion is ready for
application.

Tile next section presents the simulator experiments and results, which
are used in the manner indicated above to discover appropriate values for
the marginal utility parameter, a., for each axis .

TABLE 11 • RELATIONSHIPS WHICH DEFINE I~M~~ EXPERIMENT SCALING
GAfl~S FOR EACH AXIS AS A FUNCTION OF WASHOIff BREAK FREQUENCY

Heave Kz B~~/4
Sway Ic~ = 2 ./5~~
Roll 5 = 0.286 Bp
Pitch Kq = 0.286 Bq
Yaw Kr = 0.286 Br
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SECTION V

SIMULATOR E~a1ERD1ENTS

~4 1
A. flF1~R~~UCTION MW SUMMARY

A piloted simulation experimental series run on the Vought Corporation
LAMBS moving base simulator was necessary to guide development of the drive
logic optimization procedure. This provides:

• A data base including pilot ratings and. rankings with
systematic variations in drive logic parameters .

• A basis for selecting key parameters in motion fidelity
criteria.

• A systematic survey of critical issues in moving base
simulation for moderate maneuver amplitude flying tasks ,
particularly: g_suit effectiveness and roll sway coord i-
nation.

The first point is particularly important because there is no extant data
base for moderate (or large ) maneuver amplitude flying ta sks wherein sys-
tematic variations of drive logic parameters have been explored . Such a
data base is required in order to formulate an orderly drive logic optimi-
zation procedure.

Key experime ntal re sults obtaine d for three subject pilots and three
air-to-ground delivery scenarios are :

• G-suit use is essential to perception of load factor
for positive g maneuvering.

S Load factor representation via simulator heave motion
is so distorted by washout effects that maximum sub-
jective fidelity results for zero scaling gain (i.e.,
no motion) for this axis.

S Fu.ll simulator sway coordination for cab roll angle
is required at high frequencies.

• Small roll axis scaling gains and associated small
values of roll washout break frequencies result in
maximum subjective fidelity. Furthermore, some small
amount of roll axis motion is required to ameliorate
vertigo when using limited field-of-view visual dis-
plays .
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